To investigate the role of polysialylated neural cell adhesion molecule (NCAM PSA)-mediated plasticity after injury, we examined the temporal and spatial expression of NCAM PSA immunoreactivity in the medial temporal lobe following global ischemia. Male Mongolian gerbils were subjected to bilateral common carotid artery occlusion for 5 min and killed at increasing times post-occlusion. The well-characterized delayed CA1 pyramidal cell death was observed 5-7 days post-occlusion. At post-occlusion days 1-2 there was a small but significant increase of NCAM PSApositive hippocampal granule cells followed by an equally significant decrease at post-occlusion day 5. In contrast, a substantial increase in glial PSA expression was observed in all hippocampal regions at 1-7 days post-occlusion that was associated generally with stellate astroglia and specifically with the radial processes of glia traversing the granule cell layer of the dentate gyrus. Administration of the glutamate antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline significantly blocked the ischemia-induced modulation of neuronal and glial NCAM PSA expression. Astroglial NCAM polysialylation became attenuated by 35 days post-occlusion except in the CA1 area of cell death. The temporal and regional pattern of polysialylated NCAM expression in the ischemic gerbil hippocampus implicates this neuroplastic marker in mechanisms of neurotrophic-dependent repair/remodeling that ensue following transient interruption of blood flow.
INTRODUCTION
Ischemia initiates a cascade in which glutamate-mediated excitotoxicity can result in loss of hippocampal cell populations crucial to normal cognitive function (1) (2) (3) . In animal models, such as the ischemia induced by transient occlusion of the carotid artery in either rat or gerbil, extensive molecular and morphological plasticity is observed in discrete regions of the hippocampal formation. These adaptive processes have been related to alterations in gene transcription for a wide variety of proteins including growth factors, anti-apoptotic proteins, and growth regulators such as the neural cell adhesion molecule (NCAM) (4, 5) . NCAM has been referred to as a general morphoregulator because of its diverse roles in the orderly structuring of the emerging brain, the synaptic modifications that underlie learning and memory, and the neuroplastic responses that accompany brain trauma and disease (6) (7) (8) .
NCAM mediates calcium-independent trans-homophilic and cis-heterophilic interactions (9) (10) (11) . The latter are believed to involve the fibroblast growth factor (FGF) receptor and L1, another member of the immunoglobulin superfamily of cell adhesion molecules (11, 12) . The extent of these interactions is also regulated by a post-translational modification of NCAM involving the addition of ␣2,8-linked polysialic acid (PSA) (13) (14) (15) . The increased electrostatic repulsion serves to modulate cell-cell interactions and/or signal transduction events. Thus, prevalence and chemical modulations of NCAM can regulate the extent of neuron-neuron, neuron-astrocyte, and astrocyte-astrocyte interactions and have been implicated in the control of neural cell proliferation, migration, axonal pathfinding and branching, and synapse elaboration (11, (16) (17) (18) .
Modulations of NCAM and NCAM PSA have also been reported to accompany brain pathophysiological change. Lesions to the entorhinal cortex result in denervation of the outer molecular layer of the dentate gyrus that is followed by reactive compensatory synaptogenesis accompanied by increased NCAM expression in astrocytes (4). Re-innervation of the dentate outer molecular layer by commissural fibers from the contralateral dentate gyrus and associated collaterals from the inner molecular layer also requires a time-dependent and region-specific modulation of NCAM PSA for a period lasting at least 1 month (8, 19) . Altered expression of NCAM PSA is also observed in the hippocampal formation of individuals suffering from temporal lobe epilepsy. In this condition there is a significant increase in the number of polysialylated neurons at the infragranular zone of the dentate gyrus and in the complexity of the recurrent collaterals of their mossy fiber axons (20, 21) . These alterations may arise from excessive excitation as direct injections of kainate into the hilar region of dentate gyrus results in increased expression of NCAM PSA on astrocytes (22) .
Bilateral occlusion of the gerbil common carotid arteries results in specific lesions to the pyramidal cells of the CA1 region of the hippocampal formation. These lesions arise from glutamate excitotoxicity as cell death may be significantly delayed by administering AMPA receptor antagonists (23) . As CA1 cell death is preceded by perturbations in activity of the dentate granule cells and CA3 pyramidal cells, this form of transient global ischemia provided us with an ideal model to examine the longterm consequences of aberrant neural activity on NCAM PSA expression. 
MATERIALS AND METHODS

Antibodies and Drugs
Animals and Surgery
Experimentally naive male Mongolian gerbils (50-60 g, postnatal day 80 on day of surgery) were anesthetized with intraperitoneal administration (i.p.) of 70 mg/kg sodium pentobarbitone and both common carotid arteries exposed and separated from the associated vagal nerves. Following 5 min of bilateral common carotid artery occlusion, the animals were allowed to recover and killed in groups of 3 Յ n Յ 6 at 6 h, 12 h, 1, 2, 3, 5, 7 and 35 days post-occlusion (n ϭ 55 total). Core body temperature was maintained within normal limits (37.5-38.0ЊC) during surgery with the aid of a heated pad and afterwards in a small animal incubator. Surgically operated animals with no occlusion served as sham controls. Surgically naive animals provided a further control for immunohistochemical studies. NBQX (25 mg/kg) was administered i.p. 15 min prior to carotid ligation. All experimental procedures were approved by the Review Committee of the Biomedical Facility of University College Dublin and were carried out by individuals holding the appropriate national license.
Immunofluorescence
At the appropriate time, animals were killed, the brains immediately removed from the cranium, coated in optimal cutting temperature (OCT) compound, and frozen in dry ice-cooled nhexane. Serial, horizontal cryosections were obtained for analysis from the same point approximately midway along the septo-temporal axis (equivalent to Ϫ5.6 mm with respect to Bregma in the P80 rat) (25) and thaw-mounted onto 0.1% (w/ v) poly-l-lysine-coated glass slides. To visualize neuronal NCAM PSA immunofluorescence, the sections were fixed in 70% (v/v) ethanol for 30 min and washed twice for 10 min in 0.1 M phosphate buffered 0.9% saline (PBS; pH 7.4). These sections were incubated overnight (20 h) in a humidified chamber at room temperature with anti-NCAM PSA diluted 1:500 in an incubation buffer composed of 1% (w/v) bovine serum albumen (Sigma Chemical Co. Ltd.) and 1% (w/v) normal goat serum (DAKO, Denmark) in PBS. Following 2 further PBS washes the sections were exposed for 3 h to FITC-conjugated goat anti-mouse IgM diluted 1:100 with incubation buffer. The sections received 2 final 10-min washes in PBS before being mounted in Citifluor (Agar, UK), a fluorescence-enhancing medium. As reported previously, glial cell NCAM PSA immunoreactivity was obtained by fixing sections in 30% (v/v) ethanol. All other steps were as outlined for neuronal NCAM PSA staining. The specificity of glial staining was confirmed by double labeling with rabbit IgG anti-GFAP diluted 1:100 followed by TRITC-conjugated goat anti-rabbit IgG for visualization. In all cases fluorescent staining appeared to be specific as it was eliminated completely by omission of either the primary or secondary antibody and, in the case of NCAM PSA immunoreactivity, by pre-absorbing anti-NCAM PSA with colominic acid (1 mg/ ml), which contains ␣2,8 homopolymers of sialic acid. Selected sections were exposed briefly (60 s) to the nuclear stain, propidium iodide (40 ng/ml PBS), to facilitate identification of relevant cell populations.
Quantitative Analysis
The total number of PSA-immunoreactive neurons and astroglial processes at the hilar border and in the dentate granule cell layer, respectively, were counted in alternate 12 m sections, to preclude double counting of the 5-10 m perikarya. These measures were divided by the total area of the granule cell layer, which included all propidium iodide labeled cells, and normalized to the average granule cell area of the P80 animal, which was 0.15 Ϯ 0.01 mm 2 at this level and a mean obtained for each animal. These values were used to establish the mean Ϯ SEM for each animal group. All positive cells were counted directly and in a blinded manner by 1 investigator (CK). Similarly, viable CA1 pyramidal neurons were quantified on toluidine blue-stained 12 m cryosections taken from the same level as the immunostained sections at increasing times post-occlusion and the results expressed per unit length of the CA1 (400 m). Again, the mean Ϯ SEM for each animal group was calculated. All measurements were performed using a Quantimet 500 Image Analysis System. Statistical analysis employed the Student t-test.
RESULTS
Expression of NCAM Polysialylation in the Gerbil Hippocampus
Strong and diffuse PSA immunoreactivity was observed in layers I and III of the entorhinal cortex, subiculum, and lacunar molecular layer (Fig. 1A) . Similarly, the molecular layer of the dentate gyrus exhibited a diffuse staining pattern that was most pronounced in its inner third aspect. The most striking immunofluorescence was observed on cells in the infragranular area, their associated mossy fiber axons and apical dendrites. The PSA immunoreactive mossy fiber bundle extended to the CA3/CA2 border with numerous recurrent collaterals forming a lateral network of fine fibers (Fig. 1B,  C) . In the CA1 region, PSA-immunoreactive pyramidal cells were infrequent but when present gave rise to fibers that traversed the stratum radiatum to the lacunar molecular layer.
CA1 Cell Death Following Transient Global Ischemia
To determine the influence of transient ischemia on hippocampal cell viability and NCAM PSA expression, animals were killed at increasing times following transient bilateral ligation of the carotid artery. All animals recovered from the short surgical procedure and seizure activity was rarely observed (3 of 55 gerbils studied). As expected, CA1 pyramidal cell death did not become apparent for several days following transient occlusion of the carotid artery (Fig. 2) (26, 27 of cells in the pyramidal cell layer of the hippocampal CA1 region demonstrated no change in cell viability up to and including post-occlusion day 3 (Fig. 3) . However, by post-occlusion day 5, CA1 cell number had become significantly decreased and remained depressed until day 35, the last time point of the study. Cell loss was not apparent in either the dentate granule cells or CA3 pyramidal neurons during this period (Fig. 2) . Pre-administration of NBQX resulted in a significant (p Ͻ 0.05) delay of CA1 neuronal cell death as cell loss became apparent only at post-occlusion day 7.
Neuronal NCAM PSA Expression Following Transient Global Ischemia
The mean number of immunoreactive cells in the granule cell layer remained relatively stable throughout the post-occlusion period (typically 57.3 Ϯ 4.6 cells/unit area; Fig. 4A ). At post-occlusion days 1-2 there was a small, but significant, increase in total cell number followed by an equal and significant decrease at post-occlusion day 5 (43.5 Ϯ 6.8 cells/unit area). The decrease in dentate polysialylated cells observed on post-occlusion 4 . Quantitative analysis of neuronal and glial PSA expression in the gerbil hippocampus following global ischemia. Panels A and B illustrate the number of dentate polysialylated neurons and PSA-immunoreactive radial astroglial processes at the dentate granule cell layer, respectively. The black columns indicate values for animals that received the AMPA antagonist, NBQX, prior to insult. All data is the mean Ϯ SEM (3 Յ n Յ 6) and values significantly different (p Ͻ 0.05, Student's t-test) from sham control or vehicle-treated animals at the same time point are indicated by * and #, respectively. day 5 was reversed and significantly increased by NBQX pre-treatment. By post-occlusion day 7 these frequency changes had returned to values indistinguishable from those of the control animals. Thereafter, PSA cell frequency remained invariant up to post-occlusion day 35.
Glial NCAM PSA Expression Following Transient Global Ischemia
In contrast to the relatively small modulations in the frequency of polysialylated dentate granule cells, a marked 3-fold increase in the frequency of glial processes traversing the dentate granule cell layer was observed within one day following transient ischemia (Figs. 4B,  5 ). Double immunofluorescence staining for PSA and glial fibrillary acidic protein (GFAP) confirmed these processes to be astroglial in origin and revealed that not all GFAP processes were PSA positive (Fig. 5C ). This increased frequency of dentate polysialylated glial cell processes remained significantly elevated for at least 6 days. Pre-treatment with NBQX significantly attenuated the number of polysialylated glial processes observed at postocclusion days 5 and 7; however, it failed to completely eliminate the response. By day 35 the number of these PSA-positive processes was still significantly elevated but tended to return to the level observed in both the naive and sham-operated animals (34.8 Ϯ 3.0 vs 18.1 Ϯ 1.14 and 17.9 Ϯ 1.0 processes/unit area, respectively; p Ͻ 0.05).
Change in astroglial PSA immunoreactivity was not restricted to the granule cell layer of the dentate gyrus. During post-occlusion days 1-7, numerous PSA-positive stellate astrocytes appeared in the dentate molecular layer and hilus, the strata radiatum and oriens, and deep layers of the temporal cortex (Fig. 6 ). This extensive stellate astrogliosis was greatly attenuated by post-occlusion day 35 with the notable exception of the stratum radiatum underlying the region of CA1 delayed cell death where the immunopositive cells remained (Figs. 2B, 7) .
DISCUSSION
Descriptions of NCAM PSA immunoreactivity in the hippocampal formation are known for mouse, rat, and human (28-31) but not for the Mongolian gerbil. In general, we have found immunoreactivity in the gerbil hippocampus to closely resemble that described for other species. The most pronounced staining is observed in the dentate cells of the infragranular zone and their mossy fiber axons, the lacunar molecular layer, and entorhinal . Polysialylated radial astroglial processes traversing the granule cell layer of the gerbil dentate gyrus. The basal number of processes following 6-h reperfusion (A) is compared with a 3-fold increase in frequency 48 h post-occlusion (B). Double immunostaining for glial fibrillary acidic protein (GFAP) and PSA reveals these processes to be astroglial in origin (C, offset double exposure, white represents PSA immunoreactivity and grey represents GFAP). Discontinuities in PSA staining are believed to represent sites of contact with neuronal dendrites (arrows). H/GCL: hilar/granule cell layer border.
cortex. The mossy fiber axons, however, exhibited a unique array of PSA immunopositive recurrent CA3 collaterals. This structural anomaly has been observed previously in resected hippocampal tissue from children diagnosed with intractable epilepsy (20, 21) and in rodent experimental models of epilepsy (32) . The failure of these axons to form a fasciculated structure has been attributed to the inappropriate expression of NCAM PSA (33) and may lead to seizure-prone states. Thus, these aberrant mossy fiber collaterals may contribute to the increased incidence of seizure activity in experimentally naive gerbils.
One of the most frequently reported consequences of transient global ischemia in the gerbil is significant pyramidal cell loss in the CA1 region of the hippocampal formation. The cell loss is usually observed on postocclusion days 4-5 but this depends to some extent on the duration of blood flow interruption. The reason for delay in cell death is unknown but believed to be related to glutamate-mediated excitotoxicity. This suggestion is based on the ability of AMPA receptor antagonists to delay the eventual onset of cell death. NBQX-induced hypothermia may also contribute to this delay in cell death as the effect can persist for up to 24 h following drug administration (34) . Regardless of drug mode of action, it is clear that the protective effect observed at post-occlusion day 5 is lost in the following 48 h. Glutamate antagonists, therefore, do not protect against ischemic damage but simply delay the cell death.
Polysialylated neuronal cell frequency change in the dentate gyrus was small but consistent and exhibited discrete modulations over the 7-day post-occlusion period. The modulations observed are of interest because they follow, almost precisely, known changes in hippocampal neural activity after transient global ischemia. In previous studies on similar models of ischemia, 2 distinct phases of hippocampal neural activity have been observed. In the initial phase, there is a rapid loss of hilar inhibitory interneurons that normally function to dampen granule cell firing (35) . The expected increase of granule cell excitability, however, is not observed as direct electrophysiological recordings show these principle cells to be quiescent (36) . This unexpected finding may be explained by the excessive excitability observed in the CA1 pyramidal cells that occurs in the initial phase following global cerebral ischemia. These neurons mediate feed-forward inhibition of the perforant path and, in turn, inhibit firing in the dentate granule cells (37) (38) (39) . This initial period of reduced neuronal excitability coincides with increased dentate polysialylated neuron frequency. In the second phase of neural activity, from 2 days post-occlusion onwards, the CA1 pyramidal cells become functionally silent before dying (26, 37) . This loss of inhibitory control results in increased granule cell excitability and a decrease in the frequency of dentate polysialylated neurons. These post-ischemic changes in neuronal NCAM PSA expression are consistent with studies that have shown this glycosylation event to accompany periods of decreased neural activity (40) . It should be noted, however, that in vitro studies have concluded depolarized states to favor NCAM PSA expression. Moreover, the increased frequency of polysialylated neurons cannot be attributed to increased neurogenesis in the infragranular zone, as this does not become apparent until 7-14 days after the ischemic event (41) .
The most striking post-ischemic change in NCAM PSA expression occurred in the astroglia. Within 24 h of occlusion there was an enduring 3-fold increase in the number of radial astroglia traversing the granule cell layer of the dentate gyrus. A similar increase in polysialylated stellate astroglia was observed throughout the hippocampal formation. This most likely relates to a generalized glial response to ischemic injury. Previous studies have demonstrated similarly activated astrocytes to swell and release neurotrophic factors (42) (43) (44) (45) (46) (47) . Among the growth factors released are nerve growth factor (NGF) and fibroblast growth factor (FGF), which promote growth and/or survival of both neurons and glia (43, (48) (49) (50) . In astrocytes, this growth manifests as increased GFAP expression following ischemia (47) . Further, NGF increases NCAM prevalence in vitro offering an explanation for the transient upregulation of NCAM mRNA that is observed in astroglia following ischemia (4) .
The suggested involvement of NCAM PSA in the neuroplastic response that follows an ischemic episode is supported further by its persistent expression on astrocytes at the site of the CA1 lesion. In this region extensive synaptic reorganization takes place as the input fibers from the CA3, the Schaeffer collaterals, reorganize and switch their connections from the defunct CA1 pyramidal cells to the surviving interneurons (51) . Moreover, the level of FGF and number of FGF receptors remain elevated in this region for at least 30 days following occlusion (52) . FGF receptor variants, such as FGFR-3, are known to be induced on astroglia in response to neuronal damage (53, 54) . Although the FGF receptor has been implicated in NCAM signaling, there is little evidence that it may regulate the increased astroglial polysialylation state observed following ischemic injury.
Previous studies have emphasized the requirement of NCAM PSA activation during acute periods of neuroplasticity, as in memory formation (55, 56) . The present studies expand this concept to include the long-term involvement of NCAM polysialylation in the repair of damage that follows an ischemic insult. As a corollary, chronic administration of drugs that enhance NCAM PSA expression, for example nefiracetam (57) , may prove to be beneficial in treating stroke victims.
